stance. 4 Some courts appear to have overreacted to the Supreme Court's gatekeeping mandate and have rejected evidence that was derived by the methods and procedures of science as revealed by scientific practice and highly regarded scientific bodies. Such consequences are not surprising due to the subtle tensions between science and law. Given the tension, then, how should the science/law interaction be addressed in order to retain fidelity to the principal goals and strengths of both fields?
The legal picture is further complicated by the realities of toxicology. In general, little is known about the universe of approximately 100,000 chemical substances or their derivatives registered for commerce (with 800 to 1000 new substances added to the list each year).
5 Surprisingly, for seventy-five percent of the 3000 top-volume chemicals in commerce, the most basic toxicity results cannot be found in the public record. 6 Yet these knowledge gaps will be slow to close because both animal and human studies are costly and take years to conduct, interpret, and understand. It takes even longer to develop a scientific consensus about any toxic properties. For a significant subset of these substances, including carcinogens, chronic toxicants, and some reproductive toxicantsthose with long latency periods or associated with erratic exposure patternsthese problems are exacerbated. 7 Lack of scientific knowledge about substances poses two significant problems. First, the way in which some courts have implemented evidentiary reform has, in all likelihood, precluded some litigants with reliable, but not ideal, scientific evidence from a jury trial. These litigants were prevented from using whatever good evidence might have been available. 8 This problem may arise in part from the fact that human beings become "captured" by certain ideas; in their admissibility decisions, some courts appear to have been captured by ideas 4 . See Berger, Supreme Court's Trilogy, supra note 3. Professor Berger's point about the intraand inter-circuit disagreements on general causation was sharply illustrated in a case that appeared during the final preparation of this article. The district court judge in Globetti v. Sandoz Pharmaceuticals, Corp., 111 F. Supp. 2d 1174, 1179 (N.D.Ala. 2000), rejecting the necessity for epidemiological evidence in a case involving an acute myocardial infarction allegedly caused by ingestion of Parlodel, a lactation suppression drug, disagreed sharply with other courts in evaluating the same kind of evidence because "the Daubert standard [in those cases] was applied incorrectly, creating much too high a standard of admissibility. Both of these cases seem to equate Daubert's reliability standard with scientific certainty, which is far from what the Supreme Court intended in Daubert." Id 6. In 1984, 78% of chemicals in the U.S. with production volume greater than one million pounds per year lacked even "minimal toxicity information" in the public domain. NATIONAL RESEARCH COUNCIL, TOXICITY TESTING 84 (1984) . Little changed in thirteen years; in 1997, 75% of such substances continued to lack minimal toxicity information. See ENVIRONMENTAL DEFENSE FUND, TOXIC IGNORANCE (1997 about scientific evidence that are more restrictive than those utilized in the scientific community. Daubert evidentiary reform only has a chance of succeeding in the torts context if courts adopt conceptions of scientific evidence actually utilized in the scientific community. Much of this article addresses this issue.
Second, scientific ignorance about the universe of substances may be so great that current tort law rules of liability are inadequate to address properly the problems they pose. Current tort law liability rules, combined with evidentiary burdens and standards of proof, function well when both sides have plausible fact scenarios about the likelihood of what happened. When there is considerable ignorance on one side, however, as is the case in many toxic tort suits, the party with the burden of proof will lose. To address widespread ignorance about substances, courts may need to consider different legal doctrines. To protect the public better and ensure the possibility of justice between parties, courts may need to tailor new standards of liability, or shift burdens of proof once a plaintiff has presented a prima facie case to induce better testing and safety investigations by firms that create and use potentially toxic substances.
In addressing the first problem, courts need to recognize that scientific ignorance and the slow accumulation of knowledge make proving causation difficult. This creates an uncomfortable interface between science and the law. Nonetheless, the way courts choose to respond to this deficiency in scientific information can exacerbate or ameliorate the evidentiary problems. Some court responses have made things worse by imposing stringent conditions on admissible scientific evidence, 9 while other courts appear sensitive to these issues.
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One consequence may be that more susceptible, but unidentified, victims of any toxic effects will be left without compensation. Even those who are not early victims or especially susceptible and who have reliable, but not ideal, evidence may be disadvantaged because of courts' admissibility decisions. As a result, some litigants with meritorious cases will not receive compensation, and the wrong signals will be sent to those who manufacture, use, and dispose of substances, thus further reducing incentives reasonably to ensure the safety of substances. In order to maintain fidelity to both law and science without precluding justice to injured parties within current liability rules, courts must be sensitive to the tensions between science and law and to some of the subtleties of scientific reasoning. First, courts must take seriously the Daubert mandate that expert testimony must rest on a reliable scientific methodology.
11 Second, they need to recognize a wider range of legitimate, respectable patterns of evidence utilized by scientists. Patterns of evidence that follow scientific methods and procedures and that are, thus, more likely than not reliable, although not mathematically infallible, should be accepted. This recommendation does not require a modifi- cation in the causation requirement, but it does suggest a modification in admissibility decisions by some courts.
The particular patterns on which we focus are those utilized by scientists to conclude that substances are more likely than not carcinogenic to humans. Judges need not become amateur scientists, but they do need to recognize a wider range of respectable scientific inferences, including respectable minority views, than some have to date. If courts utilize their own experts, these experts should be instructed to consider respectable minority views of evidence in the scientific community.
This first suggestion addresses some issues within the existing liability rules and the Daubert 12 trilogy of cases. However, depending upon the extent of scientific ignorance and how much the above rules would increase defendants' incentives to acquire knowledge of the chemical universe, the above recommendations, even if fully implemented, may not be sufficient. In that case, courts may need to consider more far-reaching reforms. Scientific ignorance about potentially toxic substances, combined with the failure of firms to address the safety of substances, might pose such a serious problem that tort law may "not provide adequate protection against potential harm." 13 One leading evidence scholar has suggested that the causation requirement should be eliminated from toxic tort causes of action in favor of a duty appropriately to test the safety of products.
14 Another alternative might be to shift the burden of proof to the defendant once the plaintiff has established a prima facie relationship between exposure and harm based on patterns of evidence similar to those that had implicated substances as likely toxic to humans. 15 This and analogous suggestions merit examination in the face of scientific ignorance about the chemical universe. Reforming liability rules would relieve courts of the difficult task of struggling with arcane scientific issues and would substitute for the much more tractable task of evaluating whether firms have been responsible in testing their substances for safety. This second problem will not be a primary focus of this article.
Part II of this article briefly considers how evidentiary reform has been guided by especially good but misleading fact scenarios, and Part III reviews the extensive scientific ignorance of the universe of substances. Part IV considers some of the tensions between science and the law and judicial responses to those tensions. Part V(A) and (B) reviews some courts' reasons for rejecting evidence and some particular mistakes of concern. Part V(C) reviews and discusses some scientifically legitimate and reliable patterns of evidence utilized by scientists to conclude that substances are more likely than not carcinogenic. Part V(D) reviews some biological principles that scientists utilize in support of their conclusions. Finally, Part VI points to more far-reaching tort reforms that might be needed if the aforementioned suggestions are inadequate to serve the law in the face of considerable scientific ignorance about potentially toxic substances.
II EXCELLENT EVIDENCE MAKES BAD LAW
Responding to concerns about how scientific evidence was used in two toxic tort cases, 16 the U.S. Supreme Court decided a trilogy of cases that instituted a number of changes in the evidentiary rules governing expert testimony. 17 In brief, the trial court has a gatekeeping role in order to ensure that expert testimony is more likely than not both relevant and reliable. 18 In order for proferred testimony to meet this standard, a court must ensure that it is "ground [ed] in the methods and procedures of science." 19 Courts have considerable latitude in determining how the gatekeeping decision is to be made as well as in making it in particular cases. 20 Moreover, the Supreme Court emphasized the "liberal thrust" toward admissibility in the Federal Rules. 21 Some courts may have misunderstood or learned the wrong lessons from the Bendectin (and possibly the Agent Orange 22 ) cases that provided the legal occasion for much of the reform. Legal scholars argue that courts have failed to recognize the unusual amount and quality of the evidence available on Bendectin, which may be one of the "best studied substances" ever, 23 and may have wrongly generalized from these cases to others where the evidence is far from the best. 24 Moreover, these scholars note the need for courts to recognize this improper generalization, and in the interest of evidentiary reform, have called on courts to shape the law appropriately to avoid distorting its fundamental 16 . See Daubert, 509 U.S. at 579 (adjudicating the admissibility of scientific evidence of possible adverse effects from the exposure to the morning sickness drug Bendectin); Joiner, 522 U.S. at 136 (adjudicating the admissibility of scientific evidence for possible adverse effects from exposure to PCBs aims. 25 Further, it also appears that courts do not clearly separate the admissibility and sufficiency of evidence requirements, thus sometimes excluding experts on inappropriate grounds. 26 Evidentiary reform has been a fairly blunt institutional instrument for addressing the problems of scientific evidence. With ideal evidence, 27 it is appropriate to argue that human evidence, including epidemiological studies, should trump other kinds of scientific evidence available for establishing causation.
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For courts to insist on such evidence in every case, however, would be an antiquated version of "the best evidence doctrine." 29 Such excellent evidence is more likely the exception than the rule. 30 For example, a review of the evidence on known and likely human carcinogens suggests that high-quality positive epidemiological studies are present for less than half of the substances. 31 For all of the exposure situations without excellent human studies, drawing conclusions about the causal relation between exposure to a substance and contraction of a disease becomes a more difficult inferential exercise by an expert who must rely on all the available evidence.
III THE PAUCITY OF SCIENTIFIC EVIDENCE ABOUT THE CHEMICAL UNIVERSE
These concerns, taken alone, should give courts and commentators pause about the evaluation of evidence in toxic tort litigation. However, there are two features about the availability of scientific evidence that further complicate this 25 . See Finley, supra note 3, at 117; Green, supra note 3. 26. Courts have also abused the legal device of admissibility rulings to bring cases to a conclusion. While this clears court dockets, contributes to judicial efficiency, and perhaps manifests a desire on the part of courts to avoid being overturned on appeal, it is frequently not faithful to the status of the evidence at issue. This tends to distort the legal concepts and some of the fundamental aims of the tort law. See, e.g., Joseph Sanders, Scientific Validity, Admissibility, and Mass Torts After Daubert, 78 MINN. L. REV. 1387, 1391 (1994) (arguing that courts in Bendectin cases used inadmissibility to prevent juries from awarding verdicts to severely injured plaintiffs).
27. Ideal evidence would be multiple good epidemiological studies with large enough samples to rule out both false positive and false negative mistakes, as well as good animal studies and numerous short-term and mechanistic studies.
28. Other evidence might include human clinical evidence, laboratory studies on human tissues, or human case studies. It will probably be unusual that litigants have such excellent evidence simply because the studies are not available. Eight hundred to 1000 are added each year with little or no toxicity testing.
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Perhaps one-third of the substances present little or no exposure and another twenty-three percent are polymers, which pose minimal threats. 36 However, in 1984, the National Academy of Sciences found that for seventy-eight percent of the 3000 top-volume chemicals in commerce, the most basic toxicity results could not be found in the public record; there has been little change in the figure as recently as 1998.
37
There may be an additional 1000 to 12,000 (beyond 3000) substances produced in quite high volumes for which extensive toxicological information would be quite important, but those results are not available. 38 According to the National Academy of Sciences, an endemic problem is the "sparseness and uncertainty of the scientific knowledge of the health hazards addressed, and this problem has no ready solution. an understanding of some features of toxicants, there may be woeful ignorance about many other toxic properties. 40 Second, federal agencies that are charged with protecting the public health and are aware of the toxic properties of substances have been slow to conduct health assessments needed for regulations. The Office of Technology Assessment found in 1987 that of the known carcinogens, federal regulatory agencies had addressed only one-half to one-third within their jurisdiction. 41 Of the universe of substances, there are only about 100 for which there is sufficient evidence with which to begin a health assessment of their risks as air toxicants. 42 If agencies charged with assessing substances have not assimilated such information, it is unlikely that others have. 43 Third, according to standard toxicology references, even when substances are well known and have been studied extensively, such as aspirin, there can remain substantial gaps in scientific understanding of their toxic effects. 44 These knowledge gaps can be even worse for toxicants with long latency periods, such as those that cause cancer or reproductive harms, two effects of particular concern to the public. The latency period for cancers typically varies from a few to more than forty years. 45 Thus, identifying the causal connection between an exposure and development of the disease can be quite difficult. Some adverse reproductive effects, such as shortened limbs, are manifested at birth and are immediately evident on inspection, while others, including multigenerational effects, may take much longer to appear or may not be easily detectable. When the adverse effects are difficult to detect, such as a reduction in intelligence, as opposed to a reduction in limb length, there will be additional problems.
Fourth, there will likely be even greater knowledge gaps for other kinds of substances, such as some fuels and solvents. These substances are likely to hold 40 so little fundamental scientific interest for researchers or funding agencies interested in basic research that they will be poorly studied. Yet, as some recent cases indicate, they may come to the attention of the tort law because they are involved in accidental exposures. 46 Fifth, for substances that are the object of study, it takes time-as well as substantial monetary and human resources-to do the needed toxicity research on particular substances to overcome the ignorance. 47 Simply to accumulate the needed scientific evidence can be quite time consuming. For example, utilizing various kinds of non-human evidence and conducting expedited studies generally takes six years or more to generate a standard battery of test results with which to assess the basic toxicity of a substance. 48 Providing human evidence would further delay evaluation.
Finally, even after some in the scientific community are persuaded of the toxicity or lack of toxicity of a particular substance, it takes longer still to establish a scientific consensus on the point. If courts require a consensus on the toxic properties of a substance, as some commentators have suggested (but which Daubert does not), this will preclude justice for many meritorious claimants and greatly delay it for others. These problems might arise from the regular, flawed, but nonculpable, operations of a laissez-faire economic system, which have resulted in the production of thousands of substances without much oversight or testing, and the slow process of knowledge accumulation in science. This alone would raise questions about whether the current legal structure is adequate to review the toxicity of the myriad substances created by companies, to ensure compensation to wrongly injured victims, and to prevent others from being harmed.
However, some research suggests that chemical ignorance may arise in part from the deliberate actions of some who manufacture and use potentially toxic substances. Professor Berger summarizes this by noting that, often, the corporation in question did not test its product adequately initially, failed to impart information when potential problems emerged, and did not undertake further research in response to adverse information. It appears that the corporations took virtually no steps to determine or minimize the possibility of harm until their hands were forced, usually by litigation. Only after extensive and expensive discovery have 46 (noting that an independent research group such as IARC spent $1.5-$3 million to study second-hand smoke, while one tobacco company planned to spend up to $6 million to undermine the credibility of IARC's work); Epstein, supra note 53, at 454-55; Oppel, supra note 51. in many toxic tort cases. When there is evidence that a plaintiff has been exposed to a defendant's substance, plaintiff must show that defendant's substance more likely than not causes the kind of injury from which plaintiff suffered (general causation) and that it more likely than not did cause plaintiff's injuries (specific causation).
Functionally, these burdens of proof can be made more difficult to carry due to a lack of scientific knowledge, the behavior of some corporations, and the ways courts have understood and implemented evidentiary reform. Whether or not courts should admit scientific testimony in many particular cases may be a close call because the available evidence on which an expert could rely for testimony often will not be ideal. Thus, in deciding particular cases, and in framing rules to guide the admission of expert testimony, courts must face up to the reality of scientific ignorance about chemical substances, their properties, and the erratic and accidental exposure conditions that may lead to injury to permit litigants to use whatever reliable evidence is available. Legally, the courts also need to recall that tort law protects even the most sensitive and vulnerable persons by means of the "eggshell skull" principle.
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Lack of scientific knowledge, however, invites a defendant whose substance is challenged as harmful to utilize ignorance as a means to avoid liability. Even if a defendant has done some research on a product and its side effects, or has received health reports concerning adverse effects, it may still be tempted to utilize ignorance about a substance's properties in its defense. 56 It might prevail on this basis alone because the claim that toxic effects in humans have not been proven is relatively easy to defend, as the tobacco industry showed over many years. Moreover, even if the scientific case has considerable merit, it will be comparatively easy to find scientists who will argue that too little is known about the toxicity of a substance as long as there is not a broad scientific consensus on the issue. Courts should be sensitive to this dynamic.
Against the above background, stringent evidentiary requirements impose a particular hardship on toxic tort plaintiffs who must establish causation scientifically. In torts litigation, the higher the standard that must be met before a finding is justified, scientific evidence is admitted, or a burden of production is satisfied, the easier an adversary's task becomes, because the opposing party may be "more inclined to rest on the noncredibility of the proponent's proofs, and less inclined to produce affirmative evidence." 56. This applies to products, but often the object of suits is not so much products as pollutants from processes or contaminants in products or the use of products manufactured by others.
57 and will reduce incentives for opponents to produce their own affirmative evidence, thereby frustrating two aims of tort law.
D. Injuries Long Precede the Scientific Understanding of the Causes of Injury
Injury from a substance might easily precede scientific understanding and documentation of that fact by years, if not decades. The point is not merely that tort law compensation is retrospective, but also that in many cases, it can take years to have clues that substances cause harm, even longer to document the cause of damage, and longer yet to develop a consensus on the issue. Whether scientists can ever have a full understanding of the toxicity of many substances in humans is an even more contested issue.
Consider benzene, an important industrial product and by now a wellknown human carcinogen. Benzene was implicated in the 1890s in causing various blood diseases. 60 In the 1920s, it was reported to cause leukemia. 61 However, scientific documentation of, and substantial agreement on, benzene's leukemogenic properties did not come for another sixty years, when the World Health Organization's International Agency for Research on Cancer ("IARC") addressed it. In 1974, the IARC noted that it could indicate only that a relationship between benzene exposure and the development of leukemia was "suggested" by case reports and one case-control study.
62 By 1982, the same organization had found that there was sufficient evidence that benzene was carcinogenic to man, 63 and in 1987, it confirmed that benzene "is carcinogenic to humans." 64 Surely people were contracting leukemia long before 1982 or 1987, and probably at higher rates than were seen in the 1970s and 1980s. However, until the last two decades, there would have been little scientific consensus about that conclusion. Thus, there would have been no compensation for anyone who contracted leukemia from benzene exposure until there was "appropriate" documentation of the injuries in question. 65. For example, Marvin Sakol, a hematologist, testified during the OSHA hearings on benzene that for one leukemia patient with an occupational history of benzene exposure the discharge diagnosis was changed from leukemia to aplastic anemia so his "widow would receive $10,000 in industrial compensation." Occupational Exposure to Benzene, 50 Fed. Reg. 50512 (proposed Dec. 10, 1985).
Benzene is not an isolated case; similar problems have attended the scientific discovery of the adverse health effects of arsenic, dioxin, asbestos, and other substances. The future may not be quite as bad as the past in this regard because scientists are more aware of possible toxic effects, and better scientific procedures are available than in the past. Although there is little systematic evidence on this point, benzene may be more representative than a substance such as Bendectin, for which there was a relatively quick scientific evaluation. 66 Thus, slow knowledge accumulation poses serious problems. The more stringent courts are in screening scientific testimony, the more this will exacerbate the problems. Statutes of limitation only add to the problem. 67 
IV IMPLEMENTING EVIDENTIARY REFORM IN THE FACE OF LIMITED SCIENTIFIC KNOWLEDGE
Short of major modifications in tort law liability and consistent with the requirements of Daubert, courts can take some steps to address the problems described above. To do this, however, they must have a better generic understanding of science, some of the tensions between science and law, and some of the main patterns of evidence that respectable scientists and scientific bodies utilize to conclude that substances are harmful to humans.
To the extent that for some substances there is a substantial delay between the initial injuries and scientific documentation of the causal contribution of harm, evidentiary admissibility principles must be crafted to permit expert testimony as early as practicable in the discovery of causes of particular diseases. Otherwise, citizens may be injured but have no means of redress against those whose substances have caused harm, and deterrence signals will not be sent to manufacturers.
As a result of the Daubert trilogy, 68 federal district court judges must address the above issues, and they have considerable latitude in doing so. 69 These judges can be reversed only if their decisions are "manifestly erroneous." 70 While this is not an impossible review hurdle for appellants to overcome, it is an extraordinarily difficult one. [I]f the district court's account of the evidence is plausible in light of the record viewed in its entirety, the court of appeals may not reverse it even though convinced that had Such gatekeeping rules and the issues at stake, however, increase courts' responsibilities to perform their tasks well and to ensure that the goals of tort law within existing liability rules and scientific evidence are satisfied. 72 To fulfill this responsibility, courts need a better understanding of some of the institutional tensions between science and the law.
A. Generic Tensions Between Science and the Law

Tension in Goals.
The principle aim of science is epistemic: Scientists aim to describe and understand accurately the phenomena they study.
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By contrast, tort law aims at a just resolution of disputes between parties. Other normative goals, such as, inter alia, efficiency, administrative cost, wealth distribution, and morality also shape the law. This has led one commentator to note that the law is "normative to the core," 74 which is something unlikely to be said of science, despite the presence of some normative elements. Epistemic principles in the law should be consistent with and serve these social goals.
There is a collaborative aspect to science that aims ultimately at developing a consensus about the subject of study. This ultimate goal can be misleading if it is overemphasized, however. There is considerable disagreement between respectable experts during the process of reaching consensus, leading some to suggest that "science is above all an adversarial process."
75 Courts need to recognize this fact of disagreement in science and permit differing respectable views to be admitted. 76 The law at its core is quite adversarial, which invites different interpretations of law, facts, and disputes for courts to adjudicate to arrive at a just resolution of the issues. To accommodate these features, the law should provide a place for disagreement between respectable scientific views.
Science is relatively open-ended; conclusions, even comparatively settled ones, are open to revision upon the presentation of new data, theories, or discoveries. By contrast, the law seeks to resolve disputes in a timely and conclusive manner. The open-endedness of science, and the practices that accompany it been sitting as the trier of fact, it would have weighed the evidence differently. Where there are two permissible views of the evidence, the fact-finder's choice between them cannot be clearly erroneous. 72. We raise later the question of whether current liability rules are adequate. 73. In toxicology, the issue is more complicated. Some toxicologists aim to recognize, identify, and quantify the hazards from toxic substances to humans and the environment, some to create new drugs or pesticides, while some engage in more basic research in order to understand the mechanism(s) of action of substances. it, can affect the communication between science and the law. Scientists, aware of the tentative nature of scientific conclusions, may be professionally reluctant to assert findings with confidence and thus may hedge even well-supported claims. 77 Judges need to recognize this because such hesitancy can mislead courts and disadvantage meritorious litigants with respectable evidence who carry the burden of proof to establish a claim.
Most important for what follows, science for the most part does not attend to the distributive consequences of its results or mistakes that can result from institutional outcomes.
78 By contrast, in the law, the justice of results, any mistakes that might result from decisions, and the distributive effects of legal rules and decisions are of preeminent importance. In particular, in tort law, both the compensatory and distributive effects of decisions and rules matter. If scientific approaches to distributions of mistakes or conceptions of accuracy dominate in the law, they risk distorting the law's goals. Thus, the various techniques, inference practices, and cautious data interpretation that scientists have developed must be utilized sensitively in the law, or they will pose problems. Aspects of this problem are discussed below.
Tensions Between Scientific and Legal Epistemic Practices.
In tort law, evidentiary procedures with which adversaries must comply might be considered part of the requirements that collectively aim at not exceeding a tolerable balance of mistakes-of legal false positives/false negatives-between parties and at achieving other nonepistemic institutional goals, such as serving justice, and providing fair procedures to litigants. While tort law does not endorse casual rejection of the status quo, standards of proof embedded in its burdens of production and persuasion do not appear as demanding as scientific standards of proof, and there is a different emphasis on mistakes that might result. 78. That is, it is not part of basic scientific research to address how scientific mistakes might affect other institutions, nor is there concern within science with how false positives and false negatives might affect the institution of science (apart from avoiding false positives). This is very different from the law, which has a self-conscious concern with such matters. 423 (1979) , that "in any given proceeding, the . . . standard of proof . . . reflects not only the weight of the private and the public interests affected, but also a societal judgment about how the risk of error should be distributed between the litigants"); Green, Expert Witnesses, supra note 24, at 687.
Legal and factual false positives (or false negatives) are not identical, of course. However, when there are a few pieces of evidence that are critical to a litigant's case, a factual error will more likely translate into a legal mistake.
Science has different commitments that can have undesirable consequences for the law. The goals of understanding phenomena and adding carefully to the knowledge status quo have led the scientific community to adopt certain selective evidentiary procedures in order to remove ignorance about substances.
Scientific bodies and most scientists are typically quite demanding in preventing factual false positives, that is, that their procedures show that a substance has a toxic property when in fact it does not. 81 One rationale for this, reflecting research concerns, is that scientists want to be sure that scientific contributions added to the edifice of science are well-supported. They also seek to ensure that the research community is not chasing chimera. Thus, an unusual caution toward certain kinds of inferences permeates scientific research.
82 This is accompanied by skepticism toward such inferences as well as a demand for considerable caution before the inferences are endorsed. Such caution protects and helps regulate the field and its development. It also serves self-regulation by discouraging individuals from overly enthusiastically advocating their own ideas and wasting their own and others' research efforts.
More positively, scientists develop virtues, skills, and techniques that lead to a certain distribution of mistakes, help resist casually overturning the hardearned epistemic status quo, facilitate adding carefully to the knowledge status quo, and improve their understanding of the phenomena. Such concerns lead to the erection of substantial barriers to protect the research status quo, which in the case of most substances is simple lack of information about their properties. 83 There can also be scientific mistakes in the other direction by chance alone, such as factual false negatives, in which procedures fail to detect a toxic property of a substance when in fact it exists. This seems less important to the scientific community than preventing false positives. A rationale for having less stringency in preventing false negatives may be that over time true positive results will be revealed. 84 While this may be appropriate for scientific research, it poses problems for the law, because it leaves potential victims at risk and actual victims uncompensated.
Because they are rarely articulated, finding systematic statements about the stringency of scientific inferential views can be difficult. However, the following considerations provide some evidence for this claim. First, scientists guard against random errors producing false positive results by demanding that support for their conclusions must be statistically significant.
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Unthinking commitment to this goal can increase false negatives. 86 Moreover, thoughtful com- Second, epistemic conservatism concerning the knowledge status quo is not confined to statistical tests. One well-known toxicologist argues that before scientifically labeling a substance a human carcinogen, one needs multiple epidemiological studies, multiple animal studies subjected to strict experimental conditions (so there is an animal model for the toxic effect), and multiple shortterm studies that might indicate the activity of the substance-the mechanism by which it works-and other detailed features of the substance. 88 In the absence of such complete information, he would be reluctant to judge a substance to be a human carcinogen. The problem with this view is that the scientific community has such substantial information for only a very few substances, 89 and it would be extremely expensive and take one or more decades to accumulate the recommended data about substances such as carcinogens.
90
His requirements might necessitate even more evidence than was available in the Bendectin cases, which dealt with an alleged reproductive toxicant.
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Another scientist, perhaps following the discredited philosophy of science of Karl Popper, 92 has articulated analogous views about the importance of ruling out alternative hypotheses before drawing a conclusion. Scientists, he claims, seek to establish causal connections with "proof . . . usually accepted in science" or possibly proof "beyond a reasonable doubt" because alternative explanations will slay "a beautiful [but mistaken] hypothesis." 93 The "beyond a reasonable doubt" language is revealing because it is one of the most demanding in the law. Using this standard in toxicology would require that if there were any reason- able doubts about the toxicity or other properties of a substance, one should not conclude that a substance has them. This is, we suggest, much too demanding for tort law's admissibility standards, or its ultimate standard of proof.
Judges will be exposed to such stringent views, and if courts embrace them as minimum standards for admissibility, this would preclude many experts from testifying in toxic tort cases, and would impose considerable hardships on litigants, especially injured parties. As will be shown, there is respectable and reliable scientific evidence implicating substances as toxic to humans that falls well short of such demanding standards;
94 moreover, not all scientists are so extreme in their reluctance to draw inferences.
Third, James Huff and David Rall, two leading environmental health experts, have suggested a further explanation why toxicologists in particular may be reluctant to conclude that substances are harmful to humans. Scientists who normally propose and test hypotheses on animals and other non-human systems may be reluctant to predict effects on humans from exposures to substances. However, because of legitimate moral constraints on testing humans, scientists are for the most part denied the opportunity to test predictions of effects on humans. Thus, the laboratory scientist, accustomed to being able to close the circle from hypothesis, to test, to acceptance or rejection, to new hypothesis generation, is uncomfortable when lawyers, economists, journalists, and politicians take the hypothesis and use it in a system in which the circle cannot be closed and in which the answer often cannot be known with certainty. In fact in most basic research areas the "circle" is rarely closed; the usual course of events leads to other questions that need answering. 95 To the extent that scientists implicitly aim at certainty, as Huff and Rall suggest, this poses two problems: (1) It will be difficult, if not impossible, to support many inferences about adverse human effects with certainty; and (2) reputable scientists may believe it is necessary to hedge their claims in scientific papers because conclusions cannot be established with certainty. Hedging creates a further source of confusion between science and the law that makes judges' tasks even more difficult. Hedging, a phenomenon that has been wellstudied by applied linguists and rhetoricians, "express[es] tentativeness and possibility in communication."
96 This is such an endemic rhetorical practice of scientists that unless judges understand it, it is likely to mislead them.
There are several reasons for hedging in scientific articles. To some extent, it serves epistemic purposes; it may indicate: (1) a lack of complete commitment to the truth value of an accompanying proposition, or (2) a desire not to express that commitment categorically. 97 However, there are other reasons for hedging that do not represent a lack of confidence in a conclusion. Hedging may help persuade others by presenting one's own views cautiously and with humility, or express research results in an understated way to a community that can readily comprehend the research. It may help to define one's own relation to the rest of the scientific community, to facilitate acceptance and publication of the research, to express a kind of politeness toward peer researchers (and avoid threatening previous achievements or limiting future research), to avoid violating community norms that might result in sanctions toward oneself, or to shield the author from challenges by others. 100 Laypersons, including most judges, are likely to understand hedged comments as a lack of epistemic confidence in research conclusions. However, this would be a mistake. There clearly are reasons for hedging that have little or nothing to do with weak support for one's conclusions. This was notably illustrated in James Watson and Francis Crick's justly famous paper on the structure of DNA.
101 Thus, even though a scientific paper does not claim certainty for a conclusion that a toxic substance causes human harm, the author may well have believed that harm was probable (or even fairly certain). The degree of certainty with which scientists believe conclusions is not necessarily accurately expressed in the language of their published papers. Hedging language becomes a term of art or has technical meanings that diverge from ordinary uses. Hence, a scientist who might verbally express greater confidence in her research than is indicated in her published papers would not be trying to mislead others.
Moreover, other scientists reviewing the same data might come to stronger conclusions. This would not necessarily be a mistake. In fact, according to some scientists, as well as linguists who have studied this issue, tentative claims are proposed to the community of scientists for their adoption. 102 As others become persuaded of the claims, even though no new evidence has emerged to support them, scientists' confidence in the results increases. This is part of consensus formation. The collective effects of the most stringent scientific burdens of proof-as well as the standards of proof 103 against which they must be satisfied-are reinforced by the skepticism described above because they play an important and legitimate role in the "institution" or "practice" of science. However, the combined effect of scientific ignorance, cautious inference drawing, hedging in scientific articles, and slow knowledge accumulation presents difficulties for tort law. To the extent that there is a substantial delay between identification of the initial injuries and scientific documentation of the causal contribution of harm, judicial principles must be crafted to permit expert testimony as early as practicable in the history of the discovery of the toxic properties of those substances. Otherwise, actual victims of toxic exposures will have no redress against those responsible, and the deterrence function of tort law will be reduced. In addition, judges must be sensitive to scientific hedging and other scientific practices that can lead to misunderstandings between the scientific and legal communities.
B. Judicial Responses to the Science/Law Interaction
Some courts have exacerbated the above problems with the standards they have utilized to review reasonable scientific evidence for admissibility. Some have had mistaken conceptions of scientific evidence contrary to those on which scientists themselves rely. 104 This will undermine the aims of the Daubert Court to provide better support for legal decisions that utilize scientific evidence.
105 It also leaves judges at the mercy of litigants in presenting the issues.
One generic error would be an explanatory mistake, which is a judicially imposed restriction on the content of evidence that is incompatible with scientific evidence evaluation or judicially imposed restrictions on the form of reasoning that experts must follow that are contrary to the good evaluation of evidence.
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Courts have not always recognized respectable patterns of evidence employed by scientists. A species of this error might be called judicial scientific overreaching. Judges might demand more substantiation than scientists themselves would for the task at hand. For example, recently some courts have required that experts must know the biological mechanism of harm before their 103. The assignment of burdens of proof refers to the party or scientists who must take the argumentative initiative in persuading other scientists that the evidentiary or knowledge status quo should be changed. Typically, the burden falls on those who argue that scientists are mistaken about what is currently known, that is, on those who would change the knowledge status quo. Standards of proof refer to the degree of certainty required to substantiate a claim, as established by scientific evidentiary norms and practices, that a person would have to meet who would argue to change the status quo ante. 106. An analogous problem would be mistaken restrictions on the kinds of experts who can contribute to the issues involved. testimony can be admitted. 107 Moreover, some still appear to make epidemiological studies necessary conditions of admissibility.
108
Explanatory mistakes will undermine the Supreme Court's aim in Daubert to ground more soundly legal decisions on reliable scientific methods. 109 Courts have been sensitized to criticisms from the defense bar and the scientific community that the outcomes of some cases were not supported by appropriate scientific evidence.
110 However, if they proceed to evaluate evidence in ways that violate sound and reliable evidence-assessment principles, this will raise anew the criticism that courts are not assessing scientific evidence well.
Another mistake would be for courts inadvertently to adopt standards for admissibility that enshrine misleading distributions of mistakes for torts. 111 It is simply a fact of institutional life that legal and factual mistakes will result from imperfect institutions. Courts and scientists try to prevent them in their respective areas, but science and law differ as to which mistakes are the object of attention. The scientific concern is primarily to avoid factual false positives, while tort law is concerned equally with both factual false positives and factual false negatives that could contribute to legal mistakes.
112
In General Electric Co. v. Joiner, Justice Breyer's concurring opinion noted a concern in the Federal Rules of Evidence with both truth and justice, but he suggests that truth is a necessary prerequisite for justice. 113 However, if truth is a matter of the accurate avoidance of errors, as his remarks suggest, it matters what distribution of errors is the object of a court's attention in the search for accuracy. Courts should not be so concerned with factual false positives that tort law becomes distorted as an institution compared with procedures that utilized more sensitive admissibility rules. 114 Admissibility standards that are insensitive to this issue and too demanding will impose a hidden factual burden of proof on plaintiffs, and increase their procedural hurdles before they can bring their full case before a jury. This risks upsetting the balance of interests be-107. See Black v. Food Lion, Inc., 171 F.3d 308, 314 (5th Cir. 1997). 108. See Chambers v. Exxon Corp., 81 F. Supp. 2d 661 (M.D. La. 2000) (holding that expert testimony that benzene exposure causes chronic myelogenous leukemia ("CML") was inadmissible for lack of scientific reliability, in the absence of an epidemiological study that conclusively established a statistically significant risk of contracting CML from exposure to benzene (emphasis added)).
109. Daubert, 509 U.S. at 579. 110. There is a commonalty of interests here because defendants are defending their products from claims of harm, and scientific skepticism about evidence of harm fits nicely, if inadvertently, with such views.
111. The distribution of the risk of mistakes in the law is a matter of fairness or justice between parties as embedded in institutional norms, but such an idea is ordinarily out of place in science. There are risks of mistakes in science to be sure, but the notion of a "fair" or "just" distribution of the risks of making mistakes is inappropriate. Whatever the rationale for scientific practices protecting against mistakes, it is not a matter of justice.
112 tween plaintiffs and defendants by imposing an unusually heavy burden of the risk of mistake on the moving party. 115 Finally, and related to the previous issue, judges need to be sensitive to some of the more particular inferential mistakes experts can make that contribute to both factual false positives and factual false negatives. 116 They also need to recognize legitimate patterns of evidence to which respectable scientists subscribe, some of which are considered below.
V PATTERNS OF EVIDENCE AND THE NEED FOR SENSITIVE ADMISSIBILITY RULINGS
Courts need to understand not only the easy and obvious patterns of evidence that lead to conclusions that a substance can cause harm to humans, such as those available in the Bendectin cases. They must also understand more subtle, less usual, but still reliable, scientific patterns of evidence that implicate substances as likely harmful to humans.
A. Judicial Screening of Evidence
One can determine something about judicial screening of evidence from the reasoning in various district and appellate court cases. This information runs some risk of being superficial, however, because judges might have ruled correctly given the evidence but may have inaccurately described what they were doing. Nonetheless, ordinarily there are only written reasons to guide assessments. By this measure, it appears that some courts have had difficulty understanding aspects of scientific reasoning and inference, as well as some of the scientists' more specific instantiations on specific issues. Some courts have been captured by misleading ideas of scientific evidence and do not appear to have screened evidence well, 117 while some other courts have. 116. Because of the way the debates about the evidentiary requirements following Daubert have evolved, and because of a greater concern in the scientific community with false positive than with false negative mistakes, judges may have developed a greater concern to avoid inferential mistakes that contribute to false positives than inferential mistakes that contribute to false negatives.
117 119 Animal evidence is not perfect and mathematically certain for guiding the evaluation of the toxicity of substances for humans, but it can be good and reliable evidence. What is important about animals is not their size, shape, intelligence, or behavior, but their biology at the organ system, tissue, molecular, and genetic levels. Thus, however intuitively tempting the above inferences may be, they are overly simplistic and mistaken because animal and mechanistic studies are the foundation for much of toxicology.
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Those inferences are also contradicted by practice because reliance on animal studies is firmly embedded in corporate research, governmental policies and practices, and more than fifty years of basic and applied scientific research.
The time for mistaken judicial intuitions is past, however. The judiciary can no longer avoid becoming sufficiently sophisticated to recognize legitimate patterns of evidence. Litigants faced with detailed evidentiary gatekeeping by courts will only present more detailed and arcane rehearsals of evidence in admissibility hearings. When courts insist on detailed presentation of the scientific basis for testimony, this invites even more particular rebuttals and responses to the rebuttals. Some of this is inevitable, given the normal course of trials, but it has been exacerbated with the Supreme Court's Daubert mandate. However, if judges are not more broadly sensitive to scientific inferences, they will increasingly be unable to recognize mistaken claims made about scientific evidence. Furthermore, unless judges become more familiar with legitimate forms of scientific inference and reasoning, they are likely to be manipulated by litigants. In particular, skeptics about scientific inference are likely to win out by appealing to intuitive but mistaken pre-scientific reactions to evidence, such as the mistaken views that animal studies provide little or no evidence about the properties of chemical effects in humans or that mechanistic information is required. Strong skepticism reinforces the knowledge status quo, which is often simple ignorance about toxic properties. 119. Consider two such cases: Plaintiff's expert relied on a study of the effect of picloram on rats that showed that when exposed to large amounts of the chemical, the rats developed cancerous tumors and died. He admitted that the effects of chemicals differ between humans and rats . . . . We then are left to conclude that the study, at most, is only evidence that picloram may produce some unidentified effect on humans. Viterbo v. Dow Chem. Co., 826 F.2d 420, 424 (5th Cir. 1987). "The animal studies are not helpful in the instant case because they involve different biological species. They are of so little probative force and are so potentially misleading as to be inadmissible. Moreover, judicial failure to recognize some of the subtleties of scientific reasoning will undermine the authority of the law because of critiques of judicial gatekeeping. A growing body of scholarly literature is critical of judicial review of scientific evidence. 121 Under the guise of mere procedural changes, this has affected substantive law, changed the relationship between judge and jury, and shifted the scales of justice against injured parties in the post-market context of torts. 122 Perhaps not all of these concerns can be addressed by more sensitive treatment of scientific evidence, but some can.
B. Mistakes of Concern
As a preliminary point, is it reasonable to ask what is the appropriate principle for rejecting some evidence as inadmissible? Based upon Daubert 123 (with some modification in Joiner 124 and Kumho 125 ), the principle appears to be that evidence that is probably either not "reliable" or not grounded "in the methods and procedures of science" should be excluded. 126 According to Daubert, when courts determine the admissibility of evidence, they should ask whether the evidence was more likely than not based upon the scientific methods and procedures.
127 If the answer is no, the evidence should be excluded. If the answer is yes-that the evidence probably resulted from scientific reasoning-then it should be admitted. Although courts have considerable latitude in screening evidence, if the questions are framed properly, the answers to them appear to be more determinate than some appellate opinions suggest. The reason for this is that scientists utilize certain categories of evidence to come to their conclusions: epidemiological evidence, if it is available, animal studies, various shortterm toxicity, and mechanistic studies. If a particular scientist relies on such evidence and evaluates it as do other respectable scientists, but assigns somewhat different weight to it, a respectable scientist more likely than not has followed scientific reasoning and procedures, even if her conclusions are not necessarily in accord with other experts' conclusions. Thus, it may be more difficult than courts have suggested to show that an expert's reasoning is probably not reflective of scientific procedures and methods. This is especially the case when a suitably wide range of respectable views is recognized. Scientific experts do disagree, even when evaluating the same evidence. Thus, except in special circumstances, a court that insists on this evidentiary threshold would appear to be making a clearly erroneous judgment, which should invite an appellate court to overturn such a ruling on appeal. In addition, there have been judicially mandated requirements on epidemiological studies and their interpretation that are contrary to evidence evaluation that scientists themselves would endorse.
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Good human evidence should take precedence over other forms of evidence if it is available, which is frequently not the case. 137 Human evidence, including clinical evidence, human case reports, and human pathological studies, is broader than epidemiological evidence. 138 Moreover, good epidemiological studies must be well designed and of sufficient quality to preclude both false positives and false negatives.
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In most cases, litigants will have difficulty presenting sufficiently good epidemiological evidence for a case to be determined by epidemiological data alone or for epidemiological studies to have priority over all other kinds of toxicological data.
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Once courts recognize this, they need to recognize and be willing to admit other patterns of toxicological evidence that are endorsed by the scientific community. In addition, other kinds of evidence may cast doubt on-or further support-human evidence. 141 Moreover, an understanding of the stringent requirements on epidemiological studies makes apparent how to tailor a study that would lead to results favorable to a litigant. Studies that utilize samples that are too small, that are of too short a duration for the disease in question, that have poor exposure data, or that have classification biases of the exposed versus the non-exposed would likely fail to detect the disease of concern. Studies that did not rule out selection or recall bias, chance, or confounding factors could be falsely positive. 136. See Cranor et al., supra note 104, at 37-49 (noting that some courts have insisted on epidemiological studies exhibiting a relative risk of at least two in order to be recognizable as admissible as the foundation of expert testimony, which ignores those whose individual risk may be greater than two, such as those in susceptible subpopulations, and highly exposed individuals).
Some Other inferences that courts have endorsed are also problematic. For example, courts have had difficulty ruling on the probity of animal studies to human harm. 143 In addition, some courts in toxic tort cases have required litigants to present evidence of the mechanism or "physiological process by which a particular disease or syndrome develops." 144 While courts might have ruled properly in rejecting all the evidence taken together in particular cases, their insistence that the physiological mechanism must be understood before evidence is admitted or legal causation can be established is especially problematic. For example, even for such a well-known and well-studied substance as aspirin, scientists have limited understanding of the mechanisms of either therapeutic or toxic effects. 145 For a substance such as benzene, toxicologists are still searching for the mechanism by which it causes cancer, even though for some time it has been a known human carcinogen.
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While mechanistic evidence can be quite helpful in determining the etiology of disease, it would be rare that scientists would have an understanding of the mechanistic pathways of a toxicant in tort cases. 147 There may be a contrast on this point between some viral or bacterial diseases, which leave trace data, and those caused by toxic substances, which rarely leave detectable traces.
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The idea of a disease mechanism is merely an instance of a much larger point that may pose problems: Evidence can be asymmetrically probative. 149 demiological studies, including statistical significance, bias, and confounding); Tomatis et al., supra note 30, at 99-101 (discussing some weaknesses in using epidemiology to identify environmental health problems).
143. See supra note 118 and accompanying text. 144. Black v. Food Lion, Inc., 171 F.3d 308, 314 (5th Cir. 1999):
The underlying predicates of any cause-and-effect medical testimony are that medical science understands the physiological process by which a particular disease or syndrome develops and knows what factors cause the process to occur. Based on such predicate knowledge, it may then be possible to fasten legal liability for a person's disease or injury.. In Schudel v. General Electric Co., 120 F.3d 991, 997 (9th Cir. 1997), the court suggested a similar reason for rejecting evidence, although it was not central to its rejection, noting that one of plaintiff's experts acknowledged that the biochemical mechanism of neurotoxicity from trichloroethane and perchloroethylene had not been demonstrated. 147. Consider the case of aspirin, a particularly well-studied substance. If the mechanisms of aspirin are poorly understood, it is unlikely that the mechanisms of other substances are. See Santone & Powis, supra note 44, at 169.
148. Bacterial and viral infections leave evidence of the causal agent, but only in unusual cases, such as asbestos (leaving fibers behind) or substances that cause very high relative risks such as diethlystilbestrol ("DES") or vinyl chloride, is there a signature of the disease.
149. The point about asymmetrically probative evidence is illustrated by reference to a discussion of a State of California science advisory panel document. See Electric and Magnetic Fields Risk Evaluation Guidelines 18 (California Department of Health Services, Dec. 1999). The document analyzes the likelihood of observing certain patterns of evidence if a substance, such as thalidomide, causes birth defects and does not cause birth defects, respectively.
Babies without arms or legs were born to women who had taken thalidomide in early pregnancy. So, the question was raised:
[W]hat evidence was available at the time on molecular structure and function, metabolic knowledge animal tests and epidemiology? The likelihood that a small epidemic of specific Evidence may support an inference of toxicity if it is present, but its absence does not mean that one cannot conclude that the substance is toxic to humans. 150 Thus, for example, there is considerable knowledge that some substances are human carcinogens, but for most of them, there is little understanding of the complete molecular and physiological processes by which they are toxic.
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Mechanistic evidence helps support an inference that a substance is toxic, but its absence is quite consistent with a substance being toxic.
152 By analogy, good and reliable eyewitness testimony in either criminal or civil cases may greatly support a complainant's evidentiary case-perhaps making it conclusive-but the absence of such testimony does not preclude a good evidentiary case.
Some courts have ruled that an expert cannot rely on a rat study for evidence of toxicity in humans where the results could not be replicated in mice. 153 This too is problematic. While there tends to be general concordance between these two phylogenetically close species, there is no necessity for it. Substances may well be toxic in one or more species, but not others, and still be toxic to humans. 154 The underlying principle is that different species may show different toxic effects to a greater or lesser degree. Rats may be more or less susceptible to a given toxicant than mice. 155 For example, both the human carcinogens Direct Black 38 and Direct Blue 6 are carcinogenic in rats but not in mice under birth defects would appear after the introduction of thalidomide is quite a bit larger if thalidomide is hazardous than if it is safe, [s]o one's degree of confidence of hazard increases quite a bit after reviewing the epidemic. This is particularly so when one notes that the medication was taken at the vulnerable time of development of the fetal arms and legs.
Examining the molecular structure of the agent did not suggest a mechanism for a hazard, but the likelihood of having that kind of explanation even if it were hazardous is small, though relatively larger than if the agent were safe. If one had a theory, it would boost one's degree of confidence, but the absence of theoretical mechanism doesn't pull down one's degree of confidence much.
Animal studies did not show thalidomide to cause birth defects at first. But the likelihood that something that causes birth defects in humans will do so in any given species of rodent is not very high, though higher than would be the case if the agent did not cause birth defects in humans. So once again this stream of evidence can strengthen one's degree of confidence if one gets a positive result, but doesn't pull it down much if one gets a negative result.
What is the net result? Before one heard about the epidemic, one's initial degree of confidence that [t]halidomide would cause birth defects was quite small . . . . That is because there are many medicines that are taken during pregnancy and only a tiny minority have ended up causing birth defects. The lack of mechanistic reasons and the negative animal study pulls that degree of confidence down, but not very much. The coherent epidemiological findings with big effects are relatively much more likely if [t] halidomide is a hazard than if it is safe, and that pulls the degree of confidence up much more than the other streams of information pulled it down. So one ends up with a "highly probable" to "virtually certain" degree of confidence that [ the same experimental conditions and routes of exposure. 156 MPTP-1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-a chemical causing a Parkinson's diseaselike condition in humans, induces a similar neurotoxic effect in mice, but not in rats. 157 In addition, melphalan, a human carcinogen, is positive in rhesus monkeys and negative in the phylogenetically similar cynomologous monkeys. 158 If substances are carcinogenic in two species, the probability that they are carcinogenic in humans is increased; but a substance might be quite potent and harmful to humans even though it did not result in carcinogenicity in at least two rodent species. Frequently, substances have not been tested, or not adequately tested, in other species. Toxicologists design studies to have the best chance of detecting toxic results that are pertinent to humans. 159. The literature on these issues is substantial. See Gad, supra note 120, at 813-40. This entire book is directed at the premises that (1) animals can serve as accurate predictive models of toxicity in humans (or other species); (2) the selection of an appropriate species to use is key to accurate prediction in man; and (3) understanding the strengths and weaknesses of any particular model is essential to understanding the relevance of specific target organ toxicities to what would be expected in humans.
A fundamental hypothesis of toxicology is that adverse effects caused by chemical entities in animals are generally the same as those induced by those entities in humans. Many scholars point to individual exceptions to this, and conclude that the general principle is false. Yet, as our understanding of molecular biology advances and we learn more about the similarities of structure and function of higher organisms at the molecular level, the more it becomes clear that the mechanisms of chemical toxicity are largely identical in humans and animals. [T]he mechanisms of control of cell growth and differentiation are remarkably homologous among species and highly conserved in evolution . . . . Thus far, there is evidence that growth control mechanisms at the level of the cell are homologous among mammals, but there is no evidence that these mechanisms are site concordant. Moreover, agents observed to produce tumors in both humans and animals have produced tumors either at the same (e.g., vinyl chloride) or different sites (e.g., benzene) (NRC, 1994).
dence for carcinogenicity in humans. 160 This view is tempting, but mistaken. 161 For example, benzidine is a known human bladder carcinogen, but is not a bladder carcinogen in animal species (except for dogs), although it induces tumors in other tissues, such as hamsters (liver tumors), rats (liver, earduct, mammary, and intestinal tumors), and mice (liver tumors).
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Moreover, there appears to be no scientific agreement that there must be tissue concordance between animals and humans. 163 Concordance in tumor sites, while considerably strengthening the evidence, is not essential.
As indicated above, the results of well-conducted animal tests can provide reliable evidence for the toxicity and carcinogenicity of chemical and physical agents. These results need to be evaluated carefully, however, for reproducibility and relevance to humans. Bioassays involving the use of high doses and the evaluation of large numbers of tissues, as well as the testing of strains of laboratory animals prone to high incidences of spontaneous tumors, can produce results that may not be reproducible or likely to occur in humans under normal exposure conditions. 164 They may be directly pertinent to workers, however, or those subject to accidental exposures. In addition, there is a growing consensus that a few classes of chemical agents induce tumors in animals through mechanisms that do not operate in humans. 165 Therefore, it is unlikely that these agents would cause cancer in humans.
C. Toxicologically Reliable Patterns of Evidence
A wide range of evidentiary patterns implicates substances as carcinogenic to humans. The discussion that follows reviews several patterns of evidence for carcinogens, taken from the scientific literature, on which there is a substantial consensus that one can infer the certainty or likelihood of human harm. These are meant to serve as examples of kinds and patterns of evidence that a substance probably causes cancer in humans.
In several respects, even these examples are too robust to serve as evidentiary models for admissibility decisions. Plaintiffs' experts need only show that the foundation for their testimony is "more likely than not reliable," not that it is probably correct. 166 The patterns that follow, however, are models of evidentiary support for an ultimate conclusion that a substance is either a known human carcinogen or more likely than not a human carcinogen. Moreover, they represent peer-reviewed and (in most cases) consensus judgments (something not required for admissibility), and the patterns are taken from comparatively cautious and respectable scientific bodies. Thus they do not represent the range of views respectable scientists might have of the same scientific evidence. 167 These patterns of evidence are sufficient as models for a reliability judgment.
The IARC currently lists fifty-four agents and groups of agents that are carcinogenic to humans (excluding twenty-five mixtures and exposure circumstances). 168 Most of these have good human epidemiological evidence to support that claim. 169 However, this is not true for two substances and one form of radiation. 170 In addition, the National Toxicology Program lists Direct Black 38 and Direct Blue 6 as known to be human carcinogens, but there is no direct epidemiological evidence to support either assessment.
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Available human epidemiological evidence is not sufficient to establish a causal relationship between exposure to these substances and human cancer. For two of these five substances-ethylene oxide ("ETO") 172 and 2,3,7,8-tetrachlorodibenzo-para-dioxin ("dioxin"), 173 evidence of carcinogenicity is limited. That is, "a positive association has been observed between exposure to the agent . . . and cancer for which a causal interpretation is considered . . . to be credible, but chance, bias or confounding could not be ruled out with reason- In all five cases, evidence of carcinogenicity in animals, and additional supporting evidence, led the scientific body to conclude that these substances were human carcinogens. 175 ETO is an alkylating agent, which means that it places an alkyl chemical group on the DNA and induces genetic mutations and chromosomal breakage in a wide range of species.
176 Dioxin is a multi-site carcinogen in experimental animals that acts through a receptor-mediated mechanism in cells that is believed to be common to animals and humans. 177 Neutron radiation causes similar tissue and genetic damage to that of x-rays and gamma rays, forms of radiation known to cause human cancer. 178 In making the overall evaluation, the Working Group took into consideration the following supporting evidence. Ethylene oxide is a directly acting alkylating agent that: (i) induces a sensitive, persistent dose-related increase in the frequency of chromosomal aberrations and sister chromatid exchange in peripheral lymphocytes and micronuclei in bone-marrow cells of exposed workers; (ii) has been associated with malignancies of the lymphatic and haematopoietic system in both humans and experimental animals; (iii) induces a dose-related increase in the frequency of haemoglobin adducts in exposed humans and dose-related increases in the numbers of adducts in both DNA and haemoglobin in exposed rodents; (iv) induces gene mutations and heritable translocations in germ cells of exposed rodents; and (v) is a powerful mutagen and clastogen at all phylogenetic levels.
Id.
177. See Polychlorinated Dibenzo-para-Dioxins, supra note 173. There is limited evidence in humans for the carcinogenicity of 2,3,7,8-tetrachlorodibenzopara-dioxin . . . . There is sufficient evidence in experimental animals for the carcinogenicity of 2,3,7,8-tetrachlorodibenzo-para-dioxin. . . . In making the overall evaluation, the Working Group took into consideration the following supporting evidence: (i) 2,3,7,8-TCDD is a multisite carcinogen in experimental animals that has been shown by several lines of evidence to act through a mechanism involving the Ah receptor; (ii) this receptor is highly conserved in an evolutionary sense and functions the same way in humans as in experimental animals; (iii) tissue concentrations are similar both in heavily exposed human populations in which an increased overall cancer risk was observed and in rats exposed to carcinogenic dosage regimens in bioassays.
178 179. This listing is based on the following observations: (1) benzidine is a known human carcinogen . . . ; (2) metabolism of benzidine-based dyes [including Direct Blue 6] to release free benzidine is a generalized phenomenon in humans and all experimental animal species studies, . . . (3) benzidine exposure from exposure to benzidine-based dyes is equivalent to exposure to equimolar doses of benzidine. . . ; and (4) all available evidence indicated benzidine-based dyes are animal carcinogens and represent a carcinogenic risk to humans. There are no epidemiology studies available to assess the human carcinogenicity of direct blue 6 alone. Ninth Annual Report on Carcinogens, supra note 156, available at <http://ehis.niehs.nih.gov/roc/ninth/known/benzidine-based_dyes.pdf>. Similar reasoning supports the judgment that Direct Black 38 is a human carcinogen. See id.
These cases are counterexamples to the claim that human epidemiological evidence is a necessary condition for concluding that a substance is a known carcinogen. They also illustrate the importance of animal and other kinds of evidence to support such conclusions. All are based on multiple good animal studies together with other kinds of evidence. The evidence taken as a whole is sufficient for scientists to conclude unequivocally that each of the five is a human carcinogen. In addition, it is important to emphasize that these conclusions as to causation are inferential in nature; courts should not expect more. All toxicological judgments about causation are inferential, even those resting on epidemiological studies. The five just mentioned are more clearly so because they involve piecing together different kinds of evidence, a task a court typically finds itself required to undertake in other areas. Finally, the various patterns of evidence are different from each other, but lead to the same conclusion-the substance is carcinogenic to humans.
Second, consider several substances that the IARC classifies as probable human carcinogens. For 1-3 butadiene, 180 tetrachloroethylene, 181 trichloroethylene 182 and formaldehyde, 183 there is limited evidence of carcinogenicity in humans and sufficient evidence of carcinogenicity in animals. In these cases, animal evidence and "other data relevant to the evaluation of carcinogenicity and its mechanisms" 184 have provided reasons for the scientific body to judge that the substance probably is carcinogenic in humans. For each of these, human evidence contributed, but was not decisive; evidence of carcinogenicity in rodent studies plus some other evidence was critical. Taken together, the epidemiological studies suggest a causal relationship between exposure to formaldehyde and nasopharyngeal cancer, although the conclusion is tempered by the small numbers of observed and expected cases in the cohort studies . . . . Because of the lack of consistency between the cohort and case-control studies, the epidemiological studies can do no more than suggest a causal role of occupational exposure to formaldehyde in squamous-cell carcinoma of the nasal cavities and paranasal sinuses.").
184 For MOCA, 186 for an anti-cancer drug 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU), 187 and for benzidine-related dyes, 188 there is inadequate evidence 189 of carcinogenicity in humans and sufficient evidence of carcinogenicity in animals. IARC and the NTP classify these substances as probable human carcinogens. 190 Here, traditional human epidemiological evidence did not directly contribute much to the judgment that the substance is a likely human carcinogen. That inference is based upon evidence from animals, human and animal studies of agents with similar properties, and additional supportive evidence. CCNU and benzidine-related dyes, two of which are described above, are especially interesting because they illustrate the importance of chemical structure-biological activity relationships in providing evidence for human carcinogenicity, even when there is inadequate human evidence.
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These are not isolated cases, but rather are representative of numerous others and merely serve to illustrate the larger points. The IARC lists fifty-four substances or groups of substances, excluding mixtures and exposure conditions, as probable human carcinogens.
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For about forty of these substances, evidence of carcinogenicity in humans is inadequate or limited. 193 Nonetheless, the overall classification is based on sufficient evidence in animal studies plus "other data relevant to the evaluation of carcinogenicity and its mechanisms." 194 The additional evidence may be that the substance (1) has substantial genetic effects in relevant mammals; (2) that it has carcinogenic metabolites common to humans and animals; (3) that it belongs to a well-defined, structurally related class of agents known to cause cancer; (4) that it binds to receptors related to cancer in both humans and animals; (5) that it binds to DNA and is believed to contribute to genetic mutations; or (6) that it causes multiple tumors at multiple sites in one or more species of animals.
The EPA is prepared to classify substances as probable human carcinogens based upon animal studies, even if the evidence that a substance is carcinogenic to humans is inadequate. These are substances "likely to produce cancer in humans due to the production or anticipated production of tumors by modes of action that are relevant or assumed to be relevant to human carcinogenicity." 195 This too is reliable evidence for admissibility.
Finally, consider an unusual instance, in which a defendant was convicted of murder based largely upon animal and mechanistic evidence. 196 In that instance, the conclusion that the substance dimethylnitrosamine, a carcinogen, was a human liver poison was based upon acute toxicity studies in rats, inhalation studies in dogs and mice, three sets of case studies in humans (two people each), pathology evidence, some DNA studies, and extensive circumstantial evidence, but no epidemiological studies. The only human evidence was the case studies and the dead and injured people in the murder case. 197 
D. Learning from Reliable Patterns of Evidence
What can be learned from these examples? First, there are a variety of explanatory paths to a conclusion that a substance is more likely than not a human carcinogen. Different kinds of evidence taken together can support such conclusions. There is no universal inferential model. Second, each group illustrates a scientifically respectable and reliable pattern of evidence for concluding that a substance more likely than not causes or can cause cancer in humans that is supported by appropriate scientific reasoning that satisfies the Daubert criteria. 198 Third, direct epidemiological data is not necessary for judging whether a substance is a certain or likely human carcinogen. Non-human evidence that is widely accepted in the scientific community is of significant probative value. Animal, in vitro, and various forms of mechanistic evidence, including struc-ture-activity relationships, can be particularly important, depending upon the presence of other evidence. Fourth, the scientific inferences described above, based upon combinations of studies and on the scientific reasoning, are taken from those used by the International Agency for Research on Cancer and the National Toxicology Program, and are similar to those used by the Environmental Protection Agency and the California Environmental Protection Agency, and are inferences that many toxicologists would endorse. 199 Fifth, because of their standing as sound toxicological inferences, they are sufficiently reliable to satisfy the deeper rationale for exceptions to the hearsay rule, because they play such an obvious role in inferences endorsed by scientific bodies and experts in toxicology. Sixth, the evidentiary pattern utilized for each substance also suggests that, at the time these decisions were made, different kinds of evidence were critical or decisive in classifying the substance. Animal evidence was particularly important. Sometimes, surprisingly to some, it was metabolic and structure-activity evidence (for benzidine-related dyes and CCNU). Sometimes it was largely mechanistic evidence (CCNU) but a detailed mode of action that is often difficult to provide. In many cases, the combination of evidence from animals, chemical structure, and other mechanistic considerations led to a conclusion that the substance was a likely or known human carcinogen. Seventh, contrary to the Supreme Court's view in Joiner, all of the evidence in each case bears on an assessment of whether something is a likely human carcinogen. 200 Thus, for courts to identify one piece of evidence as inadequate by itself to implicate a substance as toxic-or to evaluate each piece as inadequate for the ultimate conclusion-and then to suggest that the evidence as a whole is inadequate violates rules of good evidence evaluation 201 and is contrary to weight-of-the-evidence procedures that are so important in the scientific evaluation of toxicants. 202 Finally, patterns of evidence and lessons learned from them are easy cases because they result from consensus judgments of international or national scientific bodies or independently-reviewed judgments of agencies such as the National Toxicology Program and the EPA. These scientific conclusions are not taken from marginal scientists, charlatans, or junk scientists, yet the inference patterns are sufficiently varied to serve as a caution 199. There may be some disagreement between scientific bodies on particular substances, reflecting legitimate scientific disagreement, but they agree in broad outline on these issues. against overly simple reasons for rejecting evidence. Similar work should be done on neurotoxicants, reproductive toxicants, and others.
E. Principles of Toxicology Underlying the Evidentiary Patterns
In addition to the patterns of evidence that scientific bodies have endorsed, some principles of carcinogen biology and toxicology would assist judges in their review of expert testimony on general causation. These biological principles provide a foundation for the patterns of evidence and the scientific inferences just described. Just as in law, where more general principles provide reasons for drawing inferences about particular legal cases, these principles support inferences from particular biological experiments that lead to conclusions about particular substances or patterns of evidence indicating that a substance can cause human harm. Some biological principles concerning inferences from animal studies loom so large in the toxicology of carcinogens that focus on them is particularly relevant.
First, although there are readily apparent differences between laboratory animals and humans (such as size, lifespan, metabolic rate, and heterogeneity), which often receive greater attention than similarities, "experimental evidence to date certainly suggests that there are more physiologic, biochemical and metabolic similarities between laboratory animals and humans than there are differences." 203 Second, "biological processes of molecular, cellular, tissue, and organ functions that control life are strikingly similar from one mammalian species to another. Such processes as sodium and potassium transport and ion regulation, energy metabolism, and DNA replication vary little in the aggregate as one moves along the phylogenetic ladder." 204 Third, based upon current information, there is great similarity in the carcinogenic processes between animals and humans. 205 Fourth, and more fundamentally, "the more we know about the similarities of structure and function of higher organisms at the molecular level, the more we are convinced that mechanisms of chemical toxicity are, to a large extent, identical in animals and man." 206 Fifth, differences in carcinogenic response can occur from one species to another. 208 However, there are particular patterns of responses in animals that greatly increase the likelihood that a carcinogenic response in one mammalian species will produce a carcinogenic response in another mammalian species. 209 Cross-species predictions are substantially higher for mutagens (agents that cause mutations) than nonmutagens, for substances that are toxic at low doses, 210 for substances that show a dose-response relationship or reduced latency period, and for substances that induce uncommon tumor types or tumors at multiple sites and tumors in both sexes of one test species. 211 "[I]f a chemical causes multiple tumors in one species it is virtually certain to increase the tumor rate in the other species as well." Cross-species carcinogenic responses constitute evidence scientists utilize to help conclude that substances with these properties in animals are more likely to be carcinogenic in humans. Different exposure patterns than those utilized in the National Toxicology Program tests and mechanistic factors may modify these conclusions. 213 Sixth, as Huff and Rall conclude,
[f]rom data available so far, therefore, it appears that chemicals that are carcinogenic in laboratory animals are likely to be carcinogenic in human populations and that, if appropriate studies can be performed, there is qualitative predictability. Also, there is evidence that there can be a quantitative relationship between the amount of a chemical that is carcinogenic in laboratory animals and that which is carcinogenic in human populations. 214 Others, including the National Academy of Sciences, have concurred. 215 Utilizing the language of rebuttable presumptions, the Academy notes that in the absence of countervailing evidence for the specific agent in question, it appears reasonable to assume that the life-time cancer incidence induced by chronic exposure in man can be approximated by the life-time incidence induced by similar exposure in laboratory animals at the same total dose per body weight. 216 The principles of toxicology just rehearsed are the scientific analogues of rebuttable presumptions. That is, they support inferences, unless there is rigorous substance-specific evidence to the contrary, and they help make inferences reliable concerning the toxicology of carcinogens. There are exceptions to these presumptions, but they are recognized as such. In exceptional circumstances, for example, the IARC will deviate from its presumption about animal carcinogens. 217 Other scientific bodies disagree with this, further illustrating scientific diversity on complex issues. 218 In addition to the general principles-and contrary to what some have suggested-Huff and Rall argue that there are some reasons to believe that humans are as sensitive or more sensitive than animals to exposures from various chemicals. 219 For several substances tested in animals, the animal exposures were "the same or less than" human exposures. In twenty chemotherapeutic agents, the toxic doses were highly correlated if expressed on a dose per kilogram of body weight basis and almost identical if expressed as dose per body weight to the two-thirds power. This would suggest that humans may be up to ten times more sensitive than the typical small laboratory animal if the comparison is made on the basis of dose per kilogram of body weight. 220 Further, humans are genetically much more varied than animals bred for laboratory experiments. 221 This raises two points. First, the human population with its greater genetic, metabolic, and other individual variability exhibits a wider range of responses to toxic exposures than other mammalian species uniformly bred for experimental purposes. Some individuals will be more or less resistant than others. For example, people with ataxia telangiectasia, a DNA repair disorder, are highly susceptible to ionizing radiation exposure. 222 Persons with xeroderma pigmentosum, another DNA repair disorder, are highly susceptible to ultraviolet radiation. 223 Those who are slow acetylators, meaning slow to metabolize certain compounds through acetylation, are at higher risk for lupus from exposure to hydralazine or procainimide, while those who are rapid acetylators are believed to be at higher risk of carcinogenesis from heterocyclic amines. 224 It may be difficult to know in advance in particular cases who has greater or lesser susceptibility to these or similar conditions, but the fact of widely differing susceptibility should caution judges against being too quick to reject evidence of a toxic effect in a given individual.
In making admissibility decisions, courts should allow for interindividual variability and for the possibility of greater sensitivity of some people to a toxic exposure. Indeed, the "eggshell skull" principle, part of tort law for more than one hundred years, 225 specifically recognizes that if a person's legitimate interests have been wrongly invaded by a tortfeasor, the defendant takes the victim as he finds him. 226 The principle appears to be that when there are wrongful in-vasions, everyone has equal standing to be protected from harm even though some have eggshell skulls, some are pregnant, some have predispositions to disease or to "loss of hair from fright." 227 Thus, if some people are more sensitive to toxic exposures than other people or than animals, courts should allow for this in admitting evidence in toxic tort cases. This suggests that even if a plaintiff suffers a toxic effect at modestly lower exposure levels that is identical to a toxic effect produced at higher exposure levels, this could be considered a presumptive reason for inferring that the toxic substance contributed to plaintiff's disease. However, even if a defendant is found liable, it does not necessarily follow that a plaintiff is entitled to full compensation for her injuries because defendant has only exacerbated an existing weakness. Some courts, in implementing evidentiary reform, may be mistakenly excluding experts and reliable scientific evidence. To address this, courts need to recognize the wider range of reliable toxicological evidence that scientists utilize to conclude that substances are known or likely human toxicants or carcinogens. This would solve a number of problems mentioned above. It would permit tort law better to use the sometimes sparse but reliable scientific evidence that is available in present circumstances, and it would provide the possibility of justice for more litigants than at present. In addition, it would result in greater compatibility between current tort liability rules and the science needed to support judgments of cancer causation in toxic tort cases.
Implementing such suggestions would be an improvement within the current liability rules. Even if these suggestions were fully adopted, however, they might fail to address a deeper issue: the woeful ignorance that plagues much scientific and agency knowledge of the universe of chemical substances. At present it is both possible and likely that some toxic tort cases are dismissed simply because of ignorance about a particular substance and its properties, leaving wrongfully injured plaintiffs without a remedy, and undermining the deterrence goal of tort law.
It will be difficult to understand whether this is a problem-apart from general assessments about extensive scientific ignorance of substances-or how extensive it might be. There is a concern, however, that tort law itself lacks adequate liability rules to motivate firms that manufacture and use potentially toxic substances to take steps to properly test them. Thus, at present it appears that there may be much less testing and review of the safety of substances than different or additional liability rules might produce. The present causation element required of tort liability (together with substantial ignorance about toxic substances) creates a barrier to recovery in torts and "creates incentives on the part of corporations not to know and not to disclose." 229 Moreover, judicial review of the science needed to establish causation is a task with which judges may be quite uncomfortable. In light of these considerations, current law might be inadequate in the face of scientific ignorance of the properties of possible toxicants. In short, tort liability rules may need to be modified in order for tort law better to address the extensive ignorance about the substances registered in commerce.
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Professor Berger has made such a proposal:
[L]iability in negligence [should] be imposed for failure to provide substantial information relating to risk and proof that the failure caused plaintiff's injury would not be required; defendants would be relieved of liability for injuries caused by exposure to their products, provided that they had met the required standard of care for developing and disseminating information relevant to risk. 231 The idea would be to create "a new tort that conditions culpability on the failure to develop and disseminate significant data needed for risk assessment."
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[O]nce plaintiffs proved the manufacturers' negligence in failing to reveal substantial information highly relevant to assessing the potential risks of asbestos exposure, a prima facie case of liability would be made out for those able to substantiate exposure and ill health. Defendants should, however, be entitled to two special defenses: . . . (1) to prove in general that certain adverse health reactions could not plausibly arise from exposure to defendant's product, or (2) to reduce damages by proof that a particular plaintiff's injury is attributable or partly attributable to another cause, such as smoking. Defendant should bear the burden of persuasion on these issues. There are other possibilities. One strategy might be to shift the burden of proof once "plaintiffs have made a specified threshold showing of causation." 234 Another might be somewhat analogous to duties to be informed about hazards and duties toward others in product liability cases. 235 At this juncture, the point is not to propose a specific alternative, but to sketch the types of legal modifications that should be explored in order to induce corporations to engage in far more scientific research when it matters-not to win lawsuits but to protect society against the risks posed by their products. The proper role for scientists with regard to toxic substances should be to provide needed information about possible latent defects, not to cast deciding votes on liability because causation has been made a surrogate for morally responsible corporate behavior. 236 
